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Available online 18 March 2008We have characterized the molecular properties and membrane behavior of synthetically modiﬁed
sphingomyelin analogues, modiﬁed on the oxygen connecting the phosphocholine group to the ceramide
backbone. The oxygen was replaced with an S-atom (S-PSM), an NH-group (NH-PSM) or a CH2-group (CH2-
PSM). Diphenylhexatriene and Laurdan anisotropy experiments showed that an S-linkage increased and NH-
and CH2-linkages decreased the stability of PSM-analogue bilayer membranes as compared to PSM. When the
polarity of the interface was probed using Laurdan, S-PSM appeared to have a lower polarity as compared to
PSM whereas NH-PSM and CH2-PSM had higher polarities of their respective interfaces. Fluorescence
quenching-studies with cholestatrienol showed that all compounds formed SM/cholesterol-rich domains. The
S-PSM/cholesterol and PSM/cholesterol domains displayed a similar thermostability, whereas NH-PSM/
cholesterol and CH2-PSM/cholesterol domains were less thermostable. DSC on vesicles containing the PSM-
analogues showed amore complexmelting behavior as compared to PSM, whereas equimolar mixtures of the
PSM-analogues and PSM showed almost ideal mixing with PSM for NH- and S-PSM. Our data show that the
properties of the bond linking the phosphocholine head group to the 1-hydroxyl on the ceramide molecule is
important for the stability of SM/SM and SM/cholesterol interactions.
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Interactions between sphingolipids in bilayers occur both between
head groups at the interface of the bilayer, and between the N-linked
acyl chains and the sphingosine backbones in the hydrophobic part of
the bilayer. For sphingomyelins (SMs) it has been suggested, based on
NMR spectroscopy, that therewould exist an intramolecular hydrogen
bond between the hydroxyl group in the sphingosine backbone and
the proximal esteric oxygen (the oxygen connecting the phosphocho-
line head group to the ceramide backbone) in the phosphocholine
head group [1,2]. This observation is supported by molecularOXYL)-sn-glycero-3-phospho-
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l rights reserved.dynamics simulations in PSM and PSM/POPC/cholesterol bilayers
above the Tm of PSM. Themolecular dynamics simulations showed the
existence of intramolecular hydrogen bonds between the hydroxyl
group and the proximal esteric oxygen of SM [3,4]. It has further been
suggested that the amide group of the sphingosine backbone acts as a
donor in SM/SM and SM/water intermolecular hydrogen bonding
[2,3]. We have previously investigated the effect of the trans-double
bond in the sphingosine backbone upon SM intermolecular interac-
tions and compared to D-erythro-N-palmitoyl-sphingomyelin (PSM),
D-erythro-N-palmitoyl-dihydrosphingomyelin (DHSM) forms more
stable bilayer membranes [5–7] In agreement with NMR studies,
these observations could be explained by closer contact between the
DHSM molecules, the closer contact giving rise to stronger inter-
molecular hydrogen bonding and weaker intramolecular hydrogen
bonding [2].
The interactions between cholesterol and SMs that take place during
the formation of ordered domains are complex and of varying nature
(for reviews see [8,9]). The importance of intermolecular hydrogen
bonding between the hydroxyl group in cholesterol and the amide
group in SM is still unclear. The amidegroup in SMhas beensuggested to
be important in interactions with cholesterol in SUVs and monolayers
[10]. Further, infrared and spin label electron spin resonance spectro-
scopy studies on egg-SM/cholesterol mixtures propose the existence of
Scheme 1. Structures of PSM and the PSM-analogues. For the PSM-analogues the
oxygen connecting the phosphocholine head group to the ceramide backbone (proximal
esteric oxygen) in PSM (A) has been replaced with an NH-group (B), an S-atom (C) or a
CH2-group (D).
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of cholesterol [11]. However solid state NMR studies examining
hydrogen bonding between bovine brain-SM and cholesterol found
only small indications of hydrogen bonding at high cholesterol levels
and no hydrogen bonding at low cholesterol levels [12]. Computational
simulations, on the otherhand, support the existence of hydrogen bonds
between cholesterol and SM in binary mixtures [13,14]. However, also
other interfacial interactions such as charge-pairing and water bridging
are likely to be important for the preferential SM/cholesterol interac-
tions [4].
The size of the head group in phospholipids has been shown to be
important in the interactions with cholesterol [15,16]. In monolayer
experiments with N-palmitoyl ceramide phosphoethanolamine
(PCPE) it was shown that PCPEs experienced tighter packing of the
acyl chains as compared to PSM. The smaller head group and tighter
packing of PCPE molecules in bilayers affects the interactions with
cholesterol and ﬂuorescence quenching experiments examining the
domain forming properties of PCPE showed that PCPE was in fact not
able to form cholesterol-rich domains [16]. PCPE, lacking three methyl
groups, has a smaller head group than PSM which might affect the
shielding and the bilayer positioning of the cholesterol molecule and
thus affect the interactions between cholesterol and PCPE in the
hydrophobic part of the bilayer [16,17]. Molecular dynamics simula-
tions have shown that cholesterol is located deeper in the bilayer in
SM/cholesterol than in PC/cholesterol bilayers [14]. Deeper anchoring
of cholesterol in SM bilayers is suggested to be stabilized by hydrogen
bonds between SM and cholesterol and also to induce stronger effects
on the acyl chains in the bilayer [14]. Computational simulations on
complex lipid mixtures with cholesterol, PSM and POPC have demon-
strated that the orientation of the phosphocholine head group of PSM
is affected by the presence of cholesterol. The head group is shifted
towards the bilayer (the angle to the outward bilayer normal is
increased) when PSM comes in contact with cholesterol. Thismight be
a consequence of the free space above the small hydroxyl group of
cholesterol or charge-pairing between the choline nitrogen and the
oxygen in cholesterol [4]. Computational simulations have also shown
an increase in SM intramolecular hydrogen bonding, between the
hydroxyl group and the phosphate oxygens of SM, as SM comes in
contact with cholesterol [4,13].
In this studywe investigatedhowstructuralmodiﬁcations of SMs in
the head group region affect properties of SMs at the interface and in
the inner, hydrophobic part of the bilayer. The synthetic proximal
esteric oxygen-modiﬁed PSM-analogues examined in this study were
originally synthesized as sphingomyelinase inhibitors [18–20]. The
PSM-analogues were modiﬁed on the oxygen connecting the phos-
phocholine head group to the ceramide backbone replacing it with an
NH-group, S-atom or CH2-group, yielding NH-PSM, S-PSM and CH2-
PSM. It has been shown that both NH-PSM and CH2-PSM inhibited the
activity of SMase (B. cereus) signiﬁcantly, whereas S-PSM only showed
weak inhibition of SMase activity [18–20]. Scheme 1 shows the
structures for PSM and the PSM-analogues. The replacement of the
proximal esteric oxygen is likely to affect the properties of the PSM-
analogues and the aim of this study was to examine how the modi-
ﬁcations affect the SM properties and interactions with cholesterol in
multilamellar bilayer vesicles. An abstract of this study has previously
been presented at an international meeting [21].
2. Materials and methods
2.1. Materials
NH-PSM, S-PSM and CH2-PSM were obtained from professor Katsumura at the
Kwansei Gakuin University in Japan [18–20]. The PSM-analogues were puriﬁed using
reverse-phase HPLC (Supelco Discovery C-18 column, 25 cm×21.2 mm, 5 μm particle
size) with 100% methanol (Rathburn Chemicals Ltd, Walkerburn, Scotland) and
acetonitrile/methanol (Rathburn Chemicals Ltd, Walkerburn, Scotland) (50:50, vol.%)
as the mobile phase. PSM was puriﬁed from egg-SM (Avanti Polar-Lipids inc., Alabaster,
AL, USA) through reverse-phase HPLC (Supelco Discovery C-18 column, 25 cm×21.2mm,5 μm particle size) using 100% methanol (Rathburn Chemicals Ltd) and acetonitrile/
methanol (Rathburn Chemicals Ltd) (50:50, vol.%) as the mobile phase. The purity and
identity of PSM and the PSM-analogues was checked on a Micromass Quattro II mass
spectrometer (Manchester, UK). 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) was obtained from Avanti Polar Lipids and cholesterol was obtained from
Sigma Chemicals Co. (St. Louis, MO, USA). Stock solutions of the lipids were dissolved in
hexane/2-propanol (J.T. Baker, Mallinckrodt Baker, Deventer, Holland) (3:2, vol:vol) and
stored at −20 °C in the dark. Before use the stock solutions were heated to ambient
temperature.
Cholesta-5,7,9(11)-trien-3-beta-ol (CTL) was synthesized using the method described
in [22]. The synthesis productswerepuriﬁedusing reverse-phaseHPLC (SupelcoDiscovery
C-18 column, 25 cm×21.2mm,5 μmparticle size)with 95%methanol (RathburnChemicals
Ltd) and 5%hexane (J.T. Baker) as themobile phase. (7-Doxyl)-stearic acid (TCI EuropeN.V.,
Belgium) and 1-palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine (Avanti Polar-Lipids)
were used in the synthesis of 1-palmitoyl-2-stearoyl-(7-doxyl)-sn-glycero-3-phosphocho-
line (7SLPC) according to [23]. The synthesis products were puriﬁed using reverse-phase
HPLC (Supelco Discovery C-18 column, 25 cm×21.2 mm, 5 μm particle size) with 100%
methanol (Rathburn Chemicals Ltd) as the mobile phase. The purity and identity of 7SLPC
was checked on a Micromass Quattro II mass spectrometer. CTL and 7SLPC were stored in
the dark at −87 °C in an argon environment. Before use the lipids were dissolved in argon
purged ethanol (CTL) or hexane/2-propanol, (2:3, vol:vol) (7SLPC) and usedwithin 3 days.
1,6-Diphenyl-3,5-hexatriene (DPH) and 6-lauroyl-2-(N,N-dimethylamino)naphthalene
(Laurdan) were purchased from Molecular Probes (Leiden, The Netherlands). The H2O
used in all experiments was puriﬁedwith a Millipore UF Plus puriﬁcation system, giving a
productwith an18.2MΩ cmresistivity calledmQ-H2O. All solvents usedwere purgedwith
argon and all ﬂuorescent probes were protected from light to avoid oxidation.
2.2. Preparation of multilamellar vesicles
Vesicles used in the DPH anisotropy and Laurdan experiments were prepared to a
ﬁnal lipid concentration of 25 μM and vesicles used in the ﬂuorescence quenching
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mixtures were prepared from lipid bulk-solutions, dried under nitrogen at 40 °C and
kept in vacuum at 22 °C for at least 30 min. The dry lipid mixtures were then dispersed
in-argon purged mQ-H2O and heated to a temperature exceeding the Tm (mid
temperature of the transition from gel to liquid-crystalline state) of the lipids used
(approximately 60 °C), for 20 min. The heated samples were vortexed and probe
sonicated for 2 min using a Branson probe soniﬁer W-450 (25% duty cycle, power
output 10 W, Branson ultrasonics, Danbury CT, USA) yielding multilamellar and
multisize liposomes. For pure PSM vesicles the mean diameter was approximately
200 nm and the size distribution was rather large. The size distribution and mean
diameter were determined using a Malvern Zetasizer Nano-S particle analyzer
(Malvern instruments Ltd, Worcestershire, UK) at an angle of 173°.
For the steady-state ﬂuorescence anisotropy measurements of DPH the samples
consisted of PSM, NH-PSM, S-PSM or CH2-PSMwith 1mol% DPH. Cholesterol was added
to the lipid mixtures replacing 20 mol% and 30 mol% of the respective lipids. For the
steady-state ﬂuorescence anisotropy measurements of Laurdan the samples consisted
of PSM, NH-PSM, S-PSM or CH2-PSM with 1 mol% Laurdan. In the ﬂuorescence
quenching experiments the F-samples consisted of POPC/7SLPC/varying lipid/choles-
terol (30:30:30:10, mol%) and the F0-samples consisted of POPC/varying lipid/
cholesterol (60:30:10). The varying lipid was PSM, NH-PSM, S-PSM or CH2-PSM and
the samples were probed with 1 mol% of CTL, replacing cholesterol. The samples for
differential scanning calorimetry (DSC) experiments were prepared to ﬁnal lipid
concentration of 0.7 mM for pure and mixed bilayer vesicles. The pure bilayer vesicles
contained PSM, NH-PSM, S-PSM or CH2-PSM and the samples with mixed compositions
consisted of NH-PSM, S-PSM or CH2-PSM together with 50 mol% PSM. The lipid
mixtures were prepared from lipid bulk-solutions, dried under nitrogen at 40 °C and
kept in vacuum at 22 °C for at least 30 min. The dry lipid mixtures were then dispersed
in-argon purged mQ-H2O and heated to a temperature exceeding the Tm of the lipids
used (approximately 60 °C), for 20 min. The vesicles were prepared through brief
vortexing (10 s) followed by bath sonication (1 min) on Branson 2510E-MT ultrasonic
cleaner (Branson Ultrasonics, Danbury, CT, USA) at temperatures exceeding the Tm
(approximately 60 °C) for the respective lipids.
2.3. Steady-state ﬂuorescence anisotropy measurements
Steady-state ﬂuorescence anisotropy measurements were performed on a PTI
QuantaMaster-1 spectroﬂuorimeter (Photon Technology International, Birmingham, NJ,
USA) working in the T-format. The pure multilamellar bilayer vesicles were prepared as
described earlier and the DPH and Laurdan concentrations were 1 mol%. The DPH
anisotropy was also measured in vesicles containing 20 mol% and 30 mol% cholesterol
replacing the respective PSM-analogue. For DPH and Laurdan anisotropy measure-
ments the emission and excitation slits were set to 5 nm. The temperature was
controlled by a Peltier element with a temperature probe submerged in the samples.
The samples were heated with 5 °C/min and constantly stirred at 260 rpm. DPH was
excited at 360 nm and the emissionwas detected at 430 nm and Laurdanwas excited at
360 and the emission was detected at 450 nm. The Tms from the anisotropy experiment
were determined visually. The anisotropy was calculated as described in [24].
2.4. Laurdan emission measurements
Themultilamellar bilayer vesicles were prepared as described abovewith 1 mol% of
Laurdan. Laurdan was excited at 360 nm and the emission spectra were detected at
indicated temperatures between 390 and 550 nm on a PTI QuantaMaster-1 spectro-
ﬂuorimeter working in the T-format. The emission and excitations slits were set to 5 nm
and the temperature was controlled by a Peltier element with a temperature probeFig. 1. Steady-state anisotropy of DPH in multilamellar bilayer vesicles containing PSM-analo
and CH2-PSM (black) together with 0 mol% (A), 20 mol% (B) and 30 mol% (C) cholesterol. The
representatives of several independent experiments.submerged in the samples. The samples were constantly stirred at 260 rpm. The
calculation of the generalized polarization (GP) is described in Eq. (1).
GP ¼ I435  I505ð Þ= I435 þ I505ð Þ ð1Þ
I435 is the ﬂuorescence intensity at 435 nm and I505 is the ﬂuorescence intensity at
505 nm. The GP-value indicates the spectral shift in ﬂuorescence intensity as the
environment around Laurdan is changed [25].
2.5. Fluorescence quenching measurements
Fluorescence quenching experiments have been thoroughly described in [26,27]
and the preparation of F- and F0-samples has been described above. Fluorescence
quenching experiments were performed on a PTI QuantaMaster-1 spectroﬂuorimeter
and the temperature was controlled by a Peltier element with a temperature probe
submerged in the samples. The samples were heated with 5 °C/min and constantly
stirred at 260 rpm.The emission and excitations slits were set to 5 nm and CTL was
excited at 324 and the emission intensity was measured at 374 nm. The temperature at
complete melting of cholesterol-rich ordered domains was determined visually.
2.6. Differential scanning calorimetry measurements
The vesicles and their compositions were prepared as described above. The DSC
experiments were performed on a Calorimetry Sciences Corporations Nano II DSC
(Lindon, UT, USA). The samples were analyzed between 15 °C and 75 °C at least three
times at 0.5 °C/min. The analysis of raw data was performed using Cpcalc 2.1 (Applied
Thermodynamics) and Microcal Origin 6.0 (Microcal Software Inc., Northampton, MA,
USA).
3. Results
3.1. Steady-state anisotropy of DPH and Laurdan in pure multilamellar
bilayer vesicles and vesicles containing 20 mol% and 30 mol% cholesterol
The effect of substituting the proximal esteric oxygen of SM with a
NH-, S- or CH2-group, upon the order of the acyl chains was examined
using steady-state anisotropy of DPH in pure multilamellar bilayer
vesicles containing PSM and the PSM-analogues. DPH has been shown
to localize into the hydrophobic acyl chain-region of the bilayer and
thus the orientation of DPH will be sensitive to the order of the acyl
chains [28]. The interfacial properties of SMs seemed to affect the
order of the acyl chains both in the gel phase and in the liquid
disordered-phase (ld-phase). Fig. 1A shows the DPH anisotropy for
pure multilamellar bilayer vesicles containing PSM, NH-PSM, S-PSM
or CH2-PSM as a function of temperature. The transition from gel
phase to the ld-phase is seen as a sharp reduction of the anisotropy.
The Tm for PSM (41.5 °C) is in good agreement with earlier data
measured by DPH anisotropy and DSC [5]. Compared to PSM, NH-PSM
and CH2-PSM had a somewhat lower Tmwhereas S-PSM had a clearly
higher Tm. The anisotropy in the gel phase was approximately thegues and cholesterol. The vesicles contained PSM (blue), NH-PSM (red), S-PSM (green)
samples contained 1 mol% DPH and the lipid concentration was 25 µM. The graphs are
Fig. 3. Generalized polarization (GP) of Laurdan in multilamellar bilayer vesicles. The
vesicles contained PSM (circle), NH-PSM (triangle), S-PSM (square) and CH2-PSM
(diamond) and the samples were probed with 1 mol% Laurdan. The lipid concentration
was 25 µM and the graphs are representatives of several independent experiments.
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somewhat lower anisotropy. In the ld-phase the anisotropy for S-PSM
was higher than for the other three compounds, having approximately
the same anisotropy.
Laurdan is localized closer to the interface of the bilayer as compared
to DPH and the steady-state anisotropy of Laurdan showed the order of
the membrane closer to the membrane interface as compared to DPH
[28–30]. In Fig. 2 the Laurdan anisotropy for pure multilamellar bilayer
vesicles containing PSM and the PSM-analogues is shown. Compared to
PSM the PSM-analogues all had lower anisotropies in the gel phase. The
anisotropy of Laurdanwas also lower for PSM and all PSM-analogues as
compared to the anisotropy of DPH in the gel phase. The anisotropy of
Laurdanwas clearly affected by themodiﬁcations in the PSM-analogues,
since the order in one component bilayers containing the PSM-
analogues was lower as compared to corresponding bilayers containing
PSM. The Tm for PSM and the PSM-analogues are 1–3 °C lower as
compared to the Tms measured with DPH anisotropy. The differences in
Tm between PSM and the PSM-analogues according to the anisotropy of
Laurdan were in good agreement with the DPH anisotropy results,
S-PSM N PSM N NH-PSM=CH2-PSM.
To examine how the interaction between the PSM-analogues and
cholesterol affected acyl chain order in the bilayers, DPH anisotropy of
vesicles containing the PSM-analogues and cholesterol was measured.
Above Tm, 20 mol% (Fig. 1B) of cholesterol increased the order in
bilayers containing PSM and the PSM-analogues as compared to
vesicles without cholesterol (Fig. 1A). 30 mol% (Fig. 1C) of cholesterol
further increased the order in the bilayer. The results show that
cholesterol had an ordering effect on bilayers containing the PSM-
analogues, the increase inmembrane order above Tmwas in fact larger
for the PSM-analogues as compared to PSM. The results suggest that
the O-linkage in PSM is important but not essential for interactions
with cholesterol.
3.2. Generalized polarization of Laurdan
The emission spectrum of Laurdan is sensitive to the polarity of its
environment and an increased polarity at the interface will give a red
shift of the emission spectrum. By calculating the GP-values for
Laurdan at different temperatures, differences in the hydration of the
interface can be estimated, assuming that the membrane depth of
Laurdan is not affected by the experimental conditions [25,30,31].
Using Laurdan we probed pure multilamellar bilayer vesicles contain-
ing PSM and the PSM-analogues for differences in interfacial polarity,Fig. 2. Steady-state anisotropy of Laurdan in multilamellar bilayer vesicles. The vesicles
contained PSM (blue), NH-PSM (red), S-PSM (green) and CH2-PSM (black). The samples
contained 1 mol% Laurdan and the lipid concentration was 25 µM. The graphs are
representatives of several independent experiments.Fig. 3 shows the GP-values as a function of temperature. Increased
polarity of the interface leads to excited-state dipole relaxation of
Laurdan and a red shift of the emission spectra (this results in lower GP-
values [30]). Below Tm, S-PSM had the most blue-shifted emission
spectra (highGP-values) indicating the lowest hydration of the interface.
NH-PSM and CH2-PSM had more red shifted emission spectra as
compared to PSM indicating higher hydrations of the interfaces in the
gel phase. In response to the molecular rearrangements occurring
during the transition fromgel- to ld-phase, the hydration of the interface
increased for all compounds examined. At Tm + 5 °C (Tm from DSC data)
S-PSM bilayers had the lowest hydration of the interface and NH-PSM
andCH2-PSMcontainingbilayers hadhigher hydrations of the interfaces
as compared to bilayers with PSM.
3.3. DSC measurements of pure and mixed bilayer vesicles containing
equimolar amounts of PSM-analogues and PSM
DSC was used to study the thermotropic properties of pure PSM-
analogues and equimolar binary mixtures of PSM-analogues and PSM.
Heating thermograms of the experiments are shown in Fig. 4. In
agreement with the anisotropy data, S-PSM (4C, 43.6 °C, ΔH=7.3 kcal/
mol) had a higher Tm than PSM (4A, 41.1 °C, ΔH=9.8 kcal/mol)
whereas NH-PSM (4B, 39.9 °C, ΔH=6.9 kcal/mol) and CH2-PSM (4D,
39.0 °C, ΔH=8.4 kcal/mol) had lower Tms as compared to PSM. The
cooperativity of the main transition was lower for the PSM-analogues
as compared to PSM and the melting behavior of the PSM-analogues
was more complex as compared to PSM. The enthalpy of the main
transition was lower for all PSM-analogues, indicating weaker
interactions between the PSM-analogues as compared to interactions
between the PSMs (the main transition enthalpy for CH2-PSM was
calculated for the entire multi-state transition). The temperature for
the pretransition of NH-PSM (30.4 °C) was similar to that of PSM
(29.9 °C) whereas S-PSM did not appear to have a pretransition. CH2-
PSM had a possible pretransition at 35.5 °C, but since it occurred close
to the main transition the nature of the low-energy transition remains
unknown.
Fig. 4E–H show heating thermograms of equimolar binary
mixtures of PSM and each of the PSM-analogues. The results show
that NH-PSM (40.7 °C, ΔH=8.5 kcal/mol) and S-PSM (42.3 °C,
ΔH=7.1 kcal/mol) mixed almost ideally with PSM and that the
pretransitions of NH-PSM and PSMwere almost completely abolished.
The binary mixture of CH2-PSM (40.0 °C, ΔH=8.5 kcal/mol) and PSM
experienced non-ideal mixing (deconvolution of the main transition
showed multiple peaks, data not shown) and the pretransition of the
Fig. 4. DSC heating thermograms for PSM-analogues and 1:1 mixtures of PSM-analogues and PSM. The samples for the DSC experiments were prepared to ﬁnal lipid concentration of
0.7 mM in mQ-H2O containing PSM (A and E), NH-PSM (B), S-PSM (C), CH2-PSM (D), NH-PSM/PSM (F), S-PSM/PSM (G) and CH2-PSM/PSM (H). The samples were analyzed between
15 °C and 75 °C at 0.5 °C/min.
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and PSM in their pure states, indicating effects on molecular rearrange-
ments in the bilayers. The temperatures of the main transition for the
binary mixtures were intermediate between the melting temperatures
for the respective pure lipids. Theenthalpy for themain transitionofNH-
PSM/PSM mixture was somewhat higher than for pure NH-PSM
suggesting that PSM increased intermolecular interactions, S-PSM and
CH2-PSM had similar main transition enthalpies as in their respective
pure states.
3.4. Formations of cholesterol-rich ordered domains investigated through
ﬂuorescence quenching of CTL in multilamellar bilayer vesicles
To look at the thermostability of cholesterol-rich ordered domains,
in otherwise ﬂuid membranes, the ﬂuorescence quenching of the
cholesterol analogue CTL was measured as a function of temperature.
CTL was used as a probe for cholesterol-rich ordered domains and the
quencher used was 7SLPC, which resides in cholesterol poor
disordered domains [27,32]. The F-samples consisted of POPC/7SLPC/
PSM-analogue/cholesterol (30:30:30:10, mol%) and the quencher freeFig. 5. Fluorescence quenching of CTL with 7SLPC in multilamellar bilayer vesicles.
The domain forming lipid in the samples was PSM (blue), NH-PSM (red) S-PSM (green)
or CH2-PSM (black). The total lipid concentration was 50 μM and the graphs are
representatives of several independent experiments.F0 sample consisted of POPC/PSM-analogue/cholesterol, (60:30:10,
mol%). The F/F0 ratio shows the relative amount of unquenched
ﬂuorescence. The melting of cholesterol-rich ordered domains can be
seen as a decrease of the F/F0 ratio since an increasing amount of CTL is
quenched by 7SLPC. Fig. 5 shows the melting of cholesterol-rich
ordered domains containing each of the PSM-analogues as a function
of temperature. All of the PSM-analogues formed cholesterol-rich
ordered domains but with different thermostability. The melting of
cholesterol-rich ordered domains containing PSM was complete at
approximately 41 °C. Melting of cholesterol-rich ordered domains
with S-PSM was complete at approximately the same temperature as
PSMwhereas the melting of domains with NH-PSM and CH2-PSMwas
complete at lower temperatures as compared to domains with PSM.
4. Discussion
In this study we have investigated the membrane properties and
interactions of proximal esteric oxygen-modiﬁed synthetic SMs.
Previously, studies in which the effects of structural alterations of
SMs onmembrane properties have been performed, but none of these
have focused on the importance of the oxygens in the phosphocholine
linkage [5,10,16,33,34]. We suggest that the modiﬁcations of the
proximal esteric oxygen are likely to affect the spatial arrangement of
the phosphocholine head group, hydrogen bonding and electrostatic
interactions of the PSM-analogues.
The hydration of the interface was clearly affected by the
modiﬁcations in the PSM-analogues. The interfacial hydration for
PSM and the PSM-analogues measured with Laurdan GP experiments
inversely correlated with the thermal stability of the compounds
measured with DSC. The thermal stability had the following order,
S-PSMNPSMNNH-PSMNCH2-PSM, S-PSM with the highest Tm also had
the lowest interfacial hydration. The hydration of lipid interfaces is
affected by polar group steric factors, electrostatic forces and properties
of the hydrophobic part of the molecules [35]. PSM is known to be
more hydrated than acyl chain-matched PCPE due to the additional
methyl groups [16]. The increased interfacial hydration of NH- and
CH2-PSM could be an effect of direct hydration of the NH- and CH2-
groups or an effect on the orientation of the phosphocholine head
group, possibly leading to increased penetration of water into the
interfacial region. S-PSM bilayers have an increased order and higher
Tm as compared to PSM bilayers, indicating increased intermolecular
interactions between the S-PSM molecules. This increase in interac-
tions could also decrease the hydration of the bilayer due to closer
contact between the S-PSM molecules. The possibility of differences in
1506 A. Björkbom et al. / Biochimica et Biophysica Acta 1778 (2008) 1501–1507the positioning of Laurdan in bilayers of the compounds examined
must also be considered. The molecular differences might affect the
environment surrounding Laurdan and thus give rise to the differences
in polarity sensed by the Laurdan molecule.
Membrane chain melting is, apart from hydrocarbon chain
properties (e.g., unsaturation and length) and aqueous solute proper-
ties, affected by the interfacial and head group properties including
surface polarity, head group size, interface hydration and intermole-
cular hydrogen bonding possibilities [36–39]. For SMs also intramo-
lecular hydrogen bonding has been implicated in stabilizing SM/SM
interactions [1,2]. The DSC and anisotropy experiments showed that
the chain melting temperature of the PSM-analogues was affected by
the modiﬁcations. The S-linkage increased and the NH- and CH2-
linkages decreased the chain melting temperature as compared to
PSM. The size of head groups has been shown to affect interactions
between hydrocarbon chains in membrane lipids, since a large head
group decreases the interactions between the hydrocarbon chains and
lowers the chain melting temperature [40,41]. The head-group size-
effect on the PSM-analogue interactions is probably very small, since
the size differences between the modiﬁcations and the O-linkage in
PSM are small. The intramolecular hydrogen bond between the
hydroxyl group and phosphate oxygens in SM has been shown to
affect the orientation of the phosphocholine head group [3].
Disrupting the hydrogen bond between the proximal esteric oxygen
and the hydroxyl group in SM with NH and CH2-linkages could affect
the tilt of the phosphocholine head group and affect PSM-analogue
intermolecular interactions. The decrease in chain melting tempera-
ture for NH-PSM and CH2-PSM could also be due to effects on the
electrostatic properties of SMs. The partial negative charge of the
oxygens in the phosphocholine linkage has been implicated to be
important in intermolecular charge-pairing in dimyristoylphosphati-
dylcholine interactions [42]. The modiﬁcations in NH-PSM and CH2-
PSM are likely to affect the charge distribution and intermolecular
charge-pairing in SM bilayers.
For S-PSM, with similar orbital arrangements in the S-linkage as
PSM has in the O-linkage [20], the disruption of the intramolecular
hydrogen bond in SM could make the hydroxyl group of S-PSM
available for intermolecular hydrogen bonding. Together with the
change in head group orientation this could increase the possibility for
intermolecular hydrogen bonding in S-PSM bilayers. Similar increased
hydrogen bonding due to closer molecular contact has previously
been proposed for DHSM. DHSM, lacking the trans double bond in the
ceramide backbone, has a more ordered bilayer as compared to PSM
[6]. The ordering effect of DHSM is due to increased contact between
the DHSM molecules possibly leading to increased intermolecular
hydrogen bonding [2,6,7].
The complex melting behavior for NH-PSM and CH2-PSM indicates
that rather large rearrangements of the head groups take place during
the transition. S-PSM has a very complex main transition indicating a
multi-state transition process. Uncooperative and complex main
transitions have earlier been observed for synthetic phosphatidylcho-
lines containing sulfur in thioester linkages and for dipalmitoylthio-
phosphatidylcholines [43,44]. The lack of a pretransition for S-PSM
suggests that the S-linkage possibly affected the head group move-
ment and orientation by making thermal molecular rearrangements
unnecessary. It has previously been shown that certain SM-species
can form a ripple phase and the pretransitions observed for NH-PSM
and CH2-PSM could indicate the formation of a ripple phase [45,46].
The modiﬁcations in the PSM-analogues affected the thermal
molecular arrangements in the bilayer vesicles but we cannot
however be certain about the nature of the pretransitions and the
phase that is formed.
The modiﬁcations in the PSM-analogues clearly affected the
interactions with cholesterol. Cholesterol has been shown to preferen-
tially interact with SM as compared to acyl chain-matched phosphati-
dylcholines [47–49]. Cholesterol and sphingolipids have also beenshown to be the major components of lipid rafts in cell membranes
[50]. Using computational simulations it has been suggested that the
observed strong interactions between SM and cholesterol are due to
hydrogen bonding, charge-pairing, water shielding, van der Waals
interactions and hydrophobic interactions [4,14]. The results from the
ﬂuorescence quenching experiments suggested that all analogues
formed cholesterol-rich ordered domains but with different thermo-
stability. NH-PSM and CH2-PSM formed more unstable cholesterol-rich
ordered domains as compared to PSM whereas S-PSM formed
cholesterol-rich ordered domains with similar thermostability as PSM.
The increased hydration of the interface observed for NH- and CH2-PSM
could lead to weaker interactions with cholesterol [17]. The phospho-
choline head group has been implicated to shield the cholesterol
molecule from interactionswithwater. Disruption of the intramolecular
hydrogen bond between the proximal esteric oxygen and the hydroxyl
group of SM could change the orientation of the head group and affect
the shielding of cholesterol.
In conclusion, this study has examined the importance of the
proximal esteric oxygen in SM/SMand SM/cholesterol interactions and
we speculate that the modiﬁcations of the proximal esteric oxygen
affect the orientation, hydrogen bonding and electrostatic properties
of the phosphocholine head group. The S-linkage stabilized inter-
molecular interactionswhereas theNH- and CH2-linkages destabilized
intermolecular interactions in one-component bilayer vesicles.
Although all PSM-analogues interacted with cholesterol, the mode of
interaction was affected by the head group linkage.
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